Brown dwarfs-substellar bodies more massive than planets but not massive enough to initiate the sustained hydrogen fusion that powers self-luminous stars 1, 2 -are born hot and slowly cool as they age. As they cool below about 2,300 kelvin, liquid or crystalline particles composed of calcium aluminates, silicates and iron condense into atmospheric 'dust' 3, 4 , which disappears at still cooler temperatures (around 1,300 kelvin) 5, 6 . Models to explain this dust dispersal include both an abrupt sinking of the entire cloud deck into the deep, unobservable atmosphere 5, 7 and breakup of the cloud into scattered patches 6, 8 (as seen on Jupiter and Saturn
9
). However, hitherto observations of brown dwarfs have been limited to globally integrated measurements 10 , which can reveal surface inhomogeneities but cannot unambiguously resolve surface features 11 . Here we report a twodimensional map of a brown dwarf's surface that allows identification of large-scale bright and dark features, indicative of patchy clouds. Monitoring suggests that the characteristic timescale for the evolution of global weather patterns is approximately one day.
The recent discovery of the Luhman 16AB system (also called WISE J104915.57-531906.1AB; ref. 12) revealed two brown dwarfs only two parsecs away, making these the closest objects to the Solar System after the Alpha Centauri system and Barnard's star. Both of these newly discovered brown dwarfs are near the dust-clearing temperature 13, 14 , and one (Luhman 16B) exhibits strong temporal variability of its thermal radiation consistent with a rotation period of 4.9 hours (ref. 15 ). Luhman 16AB's proximity to Earth makes these brown dwarfs the first substellar objects bright enough to be studied at high precision and high spectral resolution on short timescales. We observed both of the brown dwarfs for five hours (about one rotation period of Luhman 16B) using the CRyogenic high-resolution InfraRed Echelle Spectrograph 16 (CRIRES) at the European Southern Observatory's Very Large Telescope to search for spectroscopic variability. Absorption features from CO and H 2 O dominate the spectra of the brown dwarfs, as shown in Fig. 1 . The two objects have similar spectra but the absorption lines are broader for the B component: it exhibits a projected equatorial rotational velocity of 26.1 6 0.2 km s 21 , versus 17.6 6 0.1 km s 21 for Luhman 16A. Taking Luhman 16B's rotation period 15 and considering that evolutionary models predict these objects to be 1.0 6 0.2 times the radius of Jupiter 17 , Luhman 16B's rotation axis must be inclined less than about 30 degrees from the plane of the sky; that is, we are viewing this brown dwarf nearly equator-on. If the axes of the two brown dwarfs are closely aligned (like those of the planets in our Solar System) then Luhman 16A rotates more slowly than Luhman 16B and the objects either formed with different initial angular momenta or experienced different accretion or spin-braking histories. Alternatively, if the two brown dwarfs have comparable rotation periods (as tentatively indicated by recent observations 18 ) then the two components' rotation axes must be misaligned, which would imply either an initially aligned system (like the Solar System) that was subsequently perturbed or a primordial misalignment (in contrast to the close alignment more typically observed for pre-main-sequence stellar binaries 19 ). Measuring Luhman 16A's rotation period is the best way to determine whether the axes of the brown dwarfs are currently aligned or misaligned.
Our data clearly show spectroscopic variability intrinsic to Luhman 16B, and this brown dwarf's rapid rotation allows us to produce the global surface map shown in Fig. 2 using Doppler imaging techniques 20, 21 . This produces a map that shows a large, dark, mid-latitude region, a Figure 1 | High-resolution, near-infrared spectra of the Luhman 16AB brown dwarfs (black curves). All absorption features seem to be real and not artefacts: the vertical ticks indicate absorption features in the spectra of the brown dwarfs from H 2 O (blue) and CO (red), and residual features from the Earth's atmospheric absorption (grey). The lines of the B component are broader, indicating a higher projected rotational velocity: thus either the brown dwarfs' rotation axes are misaligned or Luhman 16B formed with or developed a shorter rotation period than did its companion. The gaps in the spectra correspond to physical spaces between the four infrared array detectors. The plotted data represent the mean of all spectra. Luhman 16A's spectrum has been offset vertically for clarity by 1.5 units. The flux is normalized so that the continuum level (the flux level outside of absorption features, as seen, for example, in the far left regions of the spectra) is unity (1.0).
brighter area on the opposite hemisphere located close to the pole and mottling at equatorial latitudes. A natural explanation for the features seen in our map of Luhman 16B is that we are directly mapping the patchy global clouds inferred to exist from observations of multiwavelength variability 15, 18 . If this is true, the dark areas of our map represent thicker clouds that obscure deeper, hotter parts of the atmosphere and present a higher-altitude (and thus colder) emissive surface, whereas bright regions correspond to holes in the upper cloud layers that provide a view of the hotter, deeper interior. This result is also consistent with previous suggestions of multiple stratified cloud layers in brown dwarf atmospheres 4, 10, 11 . Because our mapping is mostly sensitive to CO, the map could in principle show a combination of surface brightness (that is, brightness temperature) and chemical abundance variations. Coupled models of global circulation and atmospheric chemistry 22 , maps obtained via simultaneous observations of multiple molecular tracers and simultaneous Doppler imaging and broadband photometric monitoring could distinguish between these hypotheses.
The high-latitude bright spot could be similar to the polar vortices seen on Jupiter and Saturn and predicted to exist on highly irradiated gas giants in short-period orbits around other stars 23 ; in this case, the high-latitude feature should still be visible in future maps of Luhman 16B. Jupiter and Saturn exhibit prominent circumplanetary banding, but (as described in the Methods) our analysis is not sufficiently sensitive to detect banding on Luhman 16B. Furthermore, assuming a mean horizontal windspeed of about 300 m s 21 (as predicted by global circulation models of brown dwarfs at these temperatures 24 ) the Rhines relation 25 predicts that Luhman 16B should exhibit roughly ten bands from pole to pole-too many to resolve with our 18-degrees-wide map cells.
Long-term monitoring of Luhman 16B suggests that its weather conditions change rapidly but remain at least partly coherent from one night to the next 15 , a result that indicates that the characteristic timescale for evolution of global weather patterns is of the order of one day. In this case, successive full nights of Doppler imaging could observe the formation, evolution and breakup of global weather patterns-the first opportunity for such a study outside the Solar System. Such measurements would provide a new benchmark against which to compare global circulation models of dusty atmospheres 24, 26 , and could perhaps measure differential rotation in Luhman 16B's atmosphere 27 . Future mapping efforts should reveal whether we are mapping variations in temperature, cloud properties or atmospheric abundances: high-resolution spectrographs with broader wavelength coverage than CRIRES should provide better sensitivity and spatial resolution 28 , perhaps sufficient to search for banded cloud structures. Instruments with broader wavelength coverage will also allow maps to be made at multiple wavelengths and using independent molecular tracers (for example, H 2 O). In addition, a few other variable brown dwarfs may be bright enough for these techniques to be applied. Although the day sides of hot, short-period gas giant planets can also be mapped using occultations under favourable conditions 29 , model degeneracies may prevent these efforts from achieving a spatial resolution comparable to that achievable with Doppler imaging 30 . Thus, Doppler imaging in general, and Luhman 16B in particular, represent the best opportunity to challenge and improve our current understanding of the processes that dominate the atmospheres of brown dwarfs and of giant extrasolar planets.
METHODS SUMMARY
We extract and calibrate our spectroscopic data using standard techniques (Extended Data Figs 1 and 2) and look for temporal changes in the mean spectral line profiles. Luhman 16B exhibits strong spectroscopic variability but we see no evidence for similar variations in our simultaneously acquired observations of Luhman 16A (Extended Data Fig. 3 ). A simplified analysis using a parameterized spot model verifies that our observations are consistent with rotationally induced variations (Extended Data Fig. 4 ). We then produce our global map of brown dwarf Luhman 16B using Doppler imaging.
The technique of Doppler imaging relies on the varying Doppler shifts across the face of a rotating object and has been widely used to map the inhomogeneous surfaces of many rapidly rotating stars 20, 21 . As darker regions rotate across the visible face of the brown dwarf, the Doppler-broadened absorption line profiles exhibit deviations at the projected radial velocities of the darker areas. Features near the equator cause changes across the entire line profile and move across the full span of velocities; features at higher latitudes move more slowly, experience smaller Doppler shifts, and affect a narrower range of velocities.
Our modelling framework is based on that described in ref. 20 . We break the brown dwarf's surface into a 10 3 20 grid, giving an effective equatorial cell size of roughly 20,000 km. The recovered maps do not change significantly if we use finer resolution. We verify our analysis by constructing a number of Doppler images using simulated data. These simulations demonstrate that we can robustly detect large, isolated features with strong brightness temperature contrasts (Extended Data Fig. 5 ) but that we are not sensitive to axially symmetric features such as zonal banding (Extended Data Fig. 6 ).
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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METHODS
Observation and data reduction. We observed the Luhman 16AB system for five hours with the Very Large Telescope/CRIRES 16 on 5 May 2013 Universal Time. Our spectra span wavelengths from 2.288-2.345 mm to cover the CO (3,1) and CO (2,0) bandheads. During our observations the spectrograph slit was aligned to the binary position angle, so that both brown dwarfs were observed contemporaneously. The telescope was nodded along the binary axis to subtract the emission from the infrared-bright sky using standard techniques. A small, random offset was applied to each nod position to mitigate bad detector pixels. Observing conditions were good: seeing was roughly 0.599, humidity was ,10%, air mass ranged from 1.2 to 1.6, and the Moon was down during our observations. We spatially resolved the two brown dwarfs and over five hours obtained 56 spectra with exposures of 300 s each. We calibrate the raw CRIRES data frames using the standard CRIRES esorex data reduction routines, combining spectra in sets of four to boost the signal to noise ratio. We extracted one-dimensional spectra from both brown dwarfs in each combined frame using the standard astronomical IRAF data analysis package.
We used these extracted, raw spectral data to measure precisely the physical parameters of both brown dwarfs. We followed past work using high-precision infrared spectroscopy and used a forward-modelling approach 31, 32 to calibrate our data. This analysis method transforms high-resolution spectra of the telluric transmission 33 and of model brown dwarf atmospheres 34 into a simulated CRIRES spectrum using an appropriate set of instrumental and astrophysical parameters. We used a model whose free parameters are the radial velocity of the model brown dwarf, rotational broadening (vsini) and linear limb-darkening coefficients 35 , two multiplicative scaling factors for the telluric and brown dwarf models, polynomial coefficients that convert pixel number into wavelength, and coefficients for a low-order polynomial with which to normalize the continuum. As weights in the fits we used the uncertainties reported by IRAF after scaling these so that the weighted sum of the residuals equals the number of data points. The effect of all this is to place all observations on a common wavelength scale, to remove the effects of variable telluric absorption and spectrograph slit losses (from slight guiding errors or changes in seeing) and to estimate the astrophysical parameters listed above. Extended Data Fig. 1 shows examples of the raw and modelled data in this approach, and all calibrated spectra are shown in Extended Data Fig. 2 . For each brown dwarf, we took as uncertainties the standard deviation on the mean of the measurements from each of the 14 spectra.
We applied the above modelling approach using a wide range of model brown dwarf spectra from the BT-Settl library 34 , a set of models computed with the PHOENIX code that spans effective temperatures (T eff ) of 1,000-1,600 K and surface gravities (log 10 g) of 4.0-5.5. We performed a separate fit to data from each of the four CRIRES detectors and found that the same model does not always give the best fit to the data from all four detectors. Judging from the residuals to the fits (see Extended Data Fig. 1 ), this effect resulted from inaccuracies in both the adopted telluric spectrum and in the brown dwarf atmospheric models. Considering all these ambiguities, we found that the models with log 10 g 5 5.0 and T eff 5 1,500 and 1,450 K (for components A and B, respectively) gave the best fits to data from all four detectors. There is some degeneracy between temperature and surface gravity, with greater T eff allowing somewhat higher log 10 g. Brown dwarf atmospheres have never before been tested at this level of precision and so we did not interpolate between models to improve marginally the quality of the fit. The effective temperatures estimated from our analysis moderately exceeded the values reported by previous studies 13, 14 , and we attribute this difference to the well-known phenomenon that the effective temperature estimated from fitting model spectra to the CO bandheads typically exceeds the temperature derived from integrating the broadband spectral energy distribution 36, 37 . Comparison of future models to these data should be highly instructive in refining substellar atmospheric models. In the analyses that follow, we use the BT-Settl models with the parameters given above; using slightly different model parameters does not change our conclusions.
To conduct a Doppler imaging analysis properly we had to account for the radial velocity shift of the brown dwarfs. We measure radial velocities for the A and B components of 20.1 6 0.5 km s 21 and 17.4 6 0.5 km s
21
, respectively, relative to the Solar System barycentre; the uncertainties in these absolute measurements are dominated by systematic uncertainties in our instrument model. Although the radial velocities of Luhman 16A exhibited little internal scatter during our observations, we saw an anomalous deviation (lasting from 1.5 h to 3 h after the start of observations) of roughly 1 km s 21 in the radial velocity measurements of Luhman 16B. Assuming that the systematic effects in measuring radial velocities are common to our observations of both brown dwarfs, and examining only the spectra taken outside the time of anomalous radial velocities, we obtained a relative radial velocity between the components of 2,800 6 50 m s
. This measurement is consistent with the orbital velocity expected between two old brown dwarfs in an orbit of a few decades 14 , and indicates that it will eventually be possible to test brown dwarf evolutionary models 17 by measuring the individual component masses via a full three-dimensional orbital solution using the system's radial velocities and astrometry 38, 39 . To enhance our sensitivity, we used the technique of least squares deconvolution 40 (LSD) to transform each spectrum into a single mean absorption line, with high signal-to-noise ratio. Deviations in the resulting mean line profiles are difficult to see with the unaided eye, but after subtraction of the night's mean line profile, variations were apparent. Extended Data Fig. 3 shows the resulting temporal evolution in the deviations from the global mean line profile: the rotational signature of Luhman 16B's inhomogeneous surface is clearly visible, dominated by rotation of a darker region into and then out of view. Hints of brighter regions are visible at other times. We found that the total absorption depth of the mean line profile decreased by about 4% during this period. No such coherent signatures are observable beyond Luhman 16B's projected rotational velocity of 626.1 km s
, and we do not see any such time-variable phenomena in our simultaneously acquired spectra of Luhman 16A. Spot modelling. To interpret our LSD line profiles, we first implemented a simple spot model similar to that used to interpret photometry of variable brown dwarfs 11 . This initial toy model assumes that Luhman 16B's surface is dominated by a single spot. We divided the surface into a grid, regularly spaced in latitude and longitude. A 10 3 20 grid (18 degrees across each cell) is sufficient for the analysis to converge. The spot was assumed to be circular and the remainder of the photosphere was assumed to have uniform surface brightness with a linear limb-darkening law. The free parameters are the brightness of the spot relative to the photosphere and the spot's radius, latitude and longitude. For a given set of parameters we generated a surface map with the specified surface brightness distribution. For each grid cell we then used the projected visible area and apparent flux, and the cell's rotational Doppler shift, to generate a set of rotationally broadened line profiles corresponding to the time of each observation. Each line profile was continuum-normalized, and the resulting set of simulated data is compared to the observed LSD line profiles.
To estimate the uncertainty on the spot parameters we used the emcee tool 41 , which implements an affine-invariant Markov Chain Monte Carlo approach. We initialized 150 chains near a set of reasonable guess parameters (final results are insensitive to this guess) and run all chains for 1,500 steps. After this initial 'burnin' phase the Markov chains were randomized and had lost any memory of their initial starting conditions; we discarded the initial steps and ran the chains for an additional 1,500 steps, afterwards verifying that they were well mixed both by examination of the autocorrelation of the individual chains and by visual inspection of the likelihood and parameter values of the chains. Extended Data Fig. 4 shows the resulting posterior distributions of the spot's latitude, radius and surface brightness assuming i 5 30 degrees; the results do not change significantly for smaller values of i. In this model the dark spot lies #31 degrees from the equator, has a radius of 33 6 7 degrees, and is 88 6 3% as bright as the surrounding photosphere. This result implies a photometric variation of about 3%, consistent with the wide range of variability seen from this system 15, 18 . However, such parametrized models typically exhibit strong degeneracies and tend not to lead to unique maps of the surface brightness distributions of brown dwarfs 11 . Doppler imaging. We constructed our Doppler imaging model as described by ref. 20 using the 10 3 20 grid and line profile simulation techniques described above. Our results did not change significantly if we increased the model's spatial resolution. Instead of an arbitrarily parametrized spot, in the Doppler imaging model there are 200 free parameters: the contributions to the line profile from each grid cell. Because there are approximately 35 pixels across each of 14 mean line profiles, we nominally had 490 constraints; thus the problem appears well posed and simple matrix techniques (for example, singular value decomposition) would seem to be sufficient. However, it has long been recognized that such an approach yields extremely noisy maps 20, 21, 42 , often with nonphysical values (for example, negative surface brightness in some cells). Regularization was needed, so we used a maximum entropy approach 43 in which the merit function is Q 5 x 2 -aS (where x 2 has its usual meaning, S is the image entropy of the map's grid cells, and a is a hyperparameter that determines the balance between goodness of fit and entropy). We minimized Q using a standard multivariate optimizer, and we sped up convergence by calculating the analytical gradients of Q relative to the brightnesses of the map cells.
Our data are noisier, and the spectroscopic variations weaker, than in typical Doppler imaging analyses of stars, so we tuned a to minimize the appearance of spurious features while maintaining the fidelity of the resulting map. We did this by generating a number of synthetic surface maps, simulating their line profiles and adding Gaussian noise of the same amplitude as we found in our observed LSD line profiles, and minimizing Q for various choices of a. An example of one such simulation and recovery is shown in Extended Data Fig. 5 , using the same value of a as in the analysis leading to Fig. 2 . This analysis demonstrates that the prominent mid-latitude and polar features are probably real, whereas the lower-contrast equatorial features may be more affected by noise. The longitudinal elongation of equatorial LETTER RESEARCH features is a known feature of Doppler imaging maps 44 , so features near the equator may be narrower than they appear. The main features in our recovered map do not change for small variations in the Doppler imaging modelling parameters. Finally, we find that although we cannot yet directly measure i with the current data 45 , our maps do not change much for expected values of i (0-30 degrees). Zonal banding and brown dwarf line profiles. The detection of axisymmetric features (such as zonal banding) via Doppler Imaging is more challenging than the detection of features lacking such symmetry: the latter are easily seen via their time-variable effects on the line profiles, but the former can only be distinguished by discerning deviations of the mean line shape from the modelled profile. We ran a number of simulated Doppler imaging analyses on brown dwarfs with various levels of banding. Extended Data Fig. 6 shows one such example, which is typical insofar as it demonstrates our inability to recover even strong, large-scale zonal bands. Even if the band contrast were 100%, our simulations show that recovery of such features would be tentative only, given the current precision of our data. Future observations at higher precision should have greater sensitivity to such features, and these efforts will therefore become more susceptible to the spurious axisymmetric bands that can result from Doppler imaging analyses performed with inappropriate line profile shapes 21, 27, 46 . We therefore consider below possible sources of uncertainty in modelling the detailed line shapes probed by our analysis.
In the PHOENIX synthetic atmosphere and spectral model employed in our analysis, the strongest molecular lines are modelled as regular, symmetric Voigt profiles extending out to a maximum half width of 20 cm
. Beyond this detuning, effects of asymmetry and mixing of neighbouring lines no longer allow an adequate representation of the wings by a simple Lorentzian. A generic half width at half maximum (HWHM) of 0.08 cm 21 bar 21 at 296 K and a temperature exponent of 0.5 was assumed for the Lorentz (pressure broadening) part of all molecular lines 34 , and Doppler broadening was calculated for the thermal velocity plus an isotropic microturbulence of 0.8 km s
. The part of the spectrum covered by our observations formed mainly at pressure levels of 1-2 bar (ref. 18) . Specifically, the wings of the strongest CO lines would form as deep as 4 bar, whereas the most central portion of the line cores formed as high as the 10 mbar level. The corresponding atmospheric temperatures in these layers (1,000-1,500 K) yielded a total Doppler broadening of the order of 1.1-1.25 km s
, whereas the half width of the collisional profile ranges from a few hundred metres per second in the cores up to nearly 10 km s 21 in the outer wings. The true line profiles might deviate in several respects from the assumptions used in the PHOENIX model. Microturbulence, which in stellar atmosphere modelling simply denotes a random Gaussian velocity distribution on scales small compared to the photon mean free path, has not been constrained very tightly for brown dwarfs yet. A badly estimated microturbulence, particularly in the case of an anisotropic distribution with a stronger horizontal component, may affect the retrieval of surface features 21, 27, 46 . Radiation hydrodynamic simulations do allow us some insight into the dynamic structure of brown dwarf atmospheres, predicting horizontal root-mean-square velocities of the order of 0.3 km s 21 for our case, compared to values 3-5 times smaller for the vertical component 47 . However, unlike for typical stars mapped by Doppler imaging, in our case the total broadening is always dominated by the thermal velocity, so given the constant microturbulent velocity of 0.8 km s 21 of the PHOENIX models, any realistic changes are unlikely to have a noticeable impact on the line shapes. Pressure broadening of molecular lines, in contrast, has been poorly studied for stellar and substellar atmosphere conditions, that is, for temperatures of 1,000 K and higher and with molecular hydrogen (H 2 ) and helium (He) as main perturbers. Measurements of the broadening of CO lines in the fundamental band at 4.6 mm by noble gases and various other perturbers have yielded a HWHM of approximately 0.07 cm 21 bar 21 at 296 K for H 2 (ref. 48) . A study of the overtone band at 2.3 mm perturbed by various noble gases showed very similar widths to those in the fundamental 49 , so it may be safe to assume that the H 2 broadening in this band is also comparable, and only about 12% smaller than our model value. The temperature dependence, however, could be stronger, with a possible temperature exponent of 0.5-0.75 (refs 50, 51) . With all these effects combined, we may expect the actual damping widths to be up to a factor of two smaller than assumed in our model. On the other hand, the actual atmospheric conditions also remain poorly constrained, without a detailed spectral analysis or tighter limits on age and mass of the system. For an older and more massive brown dwarf, a surface gravity up to three times higher with correspondingly larger atmospheric pressures is possible, which would affect the collisional damping part of the line wings, but not the Doppler cores. Finally, collisional perturbations are also known to shift molecular lines. This effect, and in particular its temperature dependence, is even less well studied for perturbers other than H 2 and He 49, 52 , but the shifts should be around an order of magnitude smaller than the HWHM and thus have little effect on the position of the line cores.
In conclusion, it seems feasible that future observations at higher precision could determine whether Luhman 16B exhibits zonal banding. At present, our current data are not sufficiently sensitive to address this issue.
